Congestive heart failure (CHF) remains a significant cause of death and disability in industrialized countries. Projections show that the prevalence of CHF will increase 46% from 2012 to 2030, resulting in over eight million adults with CHF in the United States. While substantial advances have been achieved in the treatment of CHF over the past two decades, CHF rivals cancer as a cause of mortality. Strategies focused on prevention of CHF should be emphasized to meaningfully impact the projected increase in CHF. Irrespective of the type of CHF, either systolic or diastolic, coronary artery disease has supplanted hypertension as the most prevalent cause for congestive heart failure, with a high rate of mortality and future hospitalizations. Since coronary artery disease plays a central role in the development of CHF, approaches to treat coronary artery disease and identification of patients at risk for recurrent myocardial infarction (RMI) are approaches to prevent development of CHF.
Introduction
Coronary artery disease as a leading cause of heart failure Congestive heart failure (CHF) remains a significant cause of death and disability in industrialized countries 1 . It is estimated that 5.1 million Americans over the age of 20 have CHF 2 . Projections show that the prevalence of CHF will increase 46% from 2012 to 2030, resulting in over eight million adults in the United States with CHF 2 . While substantial advances have been achieved in the treatment of CHF over the past two decades, CHF mortality remains as high as cancer mortality 3, 4 . The number of deaths attributable at least in part to CHF was as high in 1995 (287,000 deaths) and in 2010 (279,000 deaths) indicating that while therapies to treat heart failure have improved individual survival, the prevalence of CHF continues to rise 2 . Strategies focused on prevention of CHF should be emphasized to meaningfully impact the projected increase in CHF. Irrespective of the type of CHF 5 , either systolic 6 or diastolic [7] [8] [9] , coronary artery disease has supplanted hypertension as the most prevalent cause for congestive heart failure, with a high rate of mortality and future hospitalizations. For these reasons, prevention of coronary artery disease events represents an important approach for prevention of CHF in subjects with both reduced and preserved systolic function. While dramatic improvements in treatment for acute coronary syndromes (ACS) has improved survival, studies of new agents to treat ACS should also include CHF as an outcome, as these data are limited relative to standard major adverse cardiac events (MACE) end-points. CHF end-points in clinical trials are more challenging to achieve, as they require prolonged follow-up periods, but would go a long way to begin to understand their impact in prevention of CHF. Since coronary artery disease plays a central role in the development of CHF, approaches under investigation to prevent CHF after MI by reducing recurrent ACS events are discussed below.
Identification of patients with highest risk for progression to heart failure and death after myocardial infarction A first myocardial infarction (MI) often represents the initial entry to the health care system, and represents an important opportunity for intervention to prevent subsequent cardiovascular disease events and progression to CHF. Patients who suffer MI are at risk for death and illness from several causes including CHF, arrhythmias, sudden death, and recurrent myocardial infarction (RMI). With modern revascularization therapies for MI, often the majority of patients receive prompt revascularization of the infarct related artery, recover to near normal systolic function, and often have minimal symptoms of CHF consistent with what is defined as the American College of Cardiology/American Heart Association (AHA/ACC) Stage B CHF 10 . The development of CHF after MI depends on multiple factors. These include the size of the infarct, its location, and if it results in papillary muscle dysfunction causing mitral regurgitation 11 . Quantitatively, few studies are available reporting the incidence of heart failure after first MI. In Olmstead County Minnesota, 41% of subjects who suffered a prior MI but did not have heart failure at the time of MI developed new onset heart failure 6 years after MI 12 . Objective criteria to identify subjects likely to develop CHF 90 days after MI include decreased left ventricular (LV) systolic function, ejection fraction (EF) < 30% after percutaneous revascularization, presentation with Kilip class > I, and Q waves on post-revascularization electrocardiogram (ECG) 13 . Evidence based therapies to improve LV systolic function and prolong life are noted in the ACC/AHA Guideline for the Management of Heart Failure 14 . To avoid redundancy and re-iteration of these widely utilized therapies for post-MI heart failure I will briefly summarize the currently accepted medical therapies. Subjects with ST-segment elevation MI treated with primary angioplasty of the infarct-related artery (IRA) with normal ejection fraction should be treated with aspirin 81 mg daily, high intensity statin therapy, and a beta-blocker for 1-year post-MI 15 . A P2Y12 inhibitor should be used for a minimum of 1 year. ACE inhibitors are added if there is post-MI LV systolic dysfunction, and an angiotensin receptor blocker may be exchanged if the ACE inhibitor is not tolerated. Aldosterone antagonists (spironolactone or eplerinone) are indicated with post-MI LV systolic dysfunction 14 . The sections that follow outline the emerging approaches to prevent progression of atherosclerosis, RMI, and heart failure from MI.
Recurrent MI and heart failure Subjects who sustain RMI represent a particularly high-risk group for development of CHF. RMI is particularly worrisome as it is associated with a high mortality rate, and high likelihood of CHF in those who survive. Despite the evolution of therapy for MI from thrombolytic therapy to primary percutaneous primary angioplasty (PCI), RMI occurs in ~10% of patients in the first year after first MI, and 3 years after their first MI 16 . Of those who sustain a RMI, 40% die within 1 year 16, 17 . Age, diabetes mellitus, unstable angina [17] [18] [19] , congestive heart failure on admission with MI 20 and underlying left ventricular systolic dysfunction 21 are the strongest clinical predictors of RMI. Amongst medical therapies, ongoing treatment with NSAIDs, and in particular rofecoxib, celecoxib and diclofenac are associated with death and RMI 22 . Given the high risk of death associated with RMI, and the role of RMI in development of CHF, strategies to prevent its occurrence are an important focus. However, what is remarkably clear throughout the evolution of therapy for MI, patients with CHF and/or left ventricular systolic dysfunction, are at high risk for RMI. Below I will discuss the emerging strategies to prevent RMI with an underlying goal of preventing CHF.
Complete revascularization for prevention of CHF after MI PCI is the preferred treatment strategy for restoring myocardial perfusion in patients with ST-segment elevation MI 23 . Guidelines from both the European Society of Cardiology (ESC) and the ACC/ AHA discourage PCI of non-infarct-non-IRA at the time of primary or rescue PCI in stable patients with ST-segment elevation MI (class III recommendation ACC/AHA) 23 . This recommendation is based on observation studies and clinical trials with limited power to answer the question of whether there is any benefit in complete revascularization of all coronary lesions > 70% at the time of STsegment elevation MI. However, multi-vessel coronary artery disease occurs in 40-65% of subjects undergoing PCI for ST-segment elevation MI [24] [25] [26] [27] . While reperfusion of the IRA is routinely performed, the presence of critical stenosis in the other coronary vessels can result in ischemia in the non-infarct related territory. Additionally, ST-segment elevation MI is associated with an inflammatory surge that results in plaque rupture in other coronary vessels resulting in RMI 28 . Rupture of an unstable coronary-artery plaque that appears to be a single lesion on angiography is commonly deemed the culprit lesion in ST-segment elevation MI. However, patients often harbor multiple complex coronary plaques 29 . ST-segment elevation MI may represent a pan-coronary process of thin-cap fibroatheromas in non-IRAs 30 . Plaques in the non-IRA can be responsible for RMI. Therefore, treatment of these other coronary lesions by complete revascularization represents a potentially important approach to prevent progressive myocardial ischemia, RMI, and future CHF.
The concept of complete revascularization in patients with STsegment elevation MI has been tested in several clinical trials recently, both completed and ongoing. The PRAMI Trial (Controlled Trial number ISRCTN73028481) tested whether performing preventative PCI as part of the procedure to treat the IRA would reduce the combined incidence of death from cardiac causes, nonfatal myocardial infarction, or refractory angina 31 . The PRAMI trial found that the complete revascularization approach reduced death from cardiac causes (hazard ratio versus culprit artery PCI, 0.34), non-fatal myocardial infarction (hazard ration 0.32), and refractory angina (hazard ratio 0.35) over the standard approach of IRA only PCI
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. Importantly, the design of PRAMI did not allow for staged PCI of the non-IRA coronary lesions. Heart failure after MI was not an end-point reported by the study. PRAMI importantly did show that complete revascularization at the time of ST-segment elevation MI was feasible and safe. Criticisms of PRAMI were raised regarding the relatively small sample size of the study, raising questions regarding generalizability.
Since the presentation and publication of the PRAMI trial, several other studies have emerged in support of the complete revascularization approach in treatment of ST-segment elevation MI. A similar trial called CVLPRIT (Complete Versus Culprit-Lesion only Primary PCI Trial; ISRCTN2166248) is a randomized prospective trial of 300 subjects 32 . The study tested if complete revascularization using a staged PCI approach for non-IRA coronary lesions within 45 days after MI versus the IRA only approach reduces all-cause mortality, RMI, heart failure, and need for revascularization on year after enrollment. Secondary end-points included safety end-points including stroke, intracranial hemorrhage, major non-intracranial bleeding, and vascular complications 32 . The trial results were presented in September 2014 at the European Society of Cardiology meeting and showed a significant reduction in major adverse cardiac events (hazard ratio 0.45, p < 0.009). All-cause mortality, RMI and repeat revascularization also showed similar reductions with the staged PCI approach versus infarct artery only approach, but did not reach statistical significance. There was a substantial reduction in heart failure with the staged PCI approach as well (hazard ratio 0.43, p = 0.14) but did not reach statistical significance likely due to the small sample patient cohort in the study 33 . While the results of the study are encouraging regarding the use of staged PCI for complete revascularization following ST-segment elevation MI, the small study cohort makes the generalizability of the findings questionable.
A recent meta-analysis comparing the benefits and risks of routine IRA-only PCI vs. multi-vessel PCI in ST-segment elevation MI revealed that multi-vessel PCI during the intervention for STsegment elevation MI resulted in increased mortality (odds ratio 1.35; p < 0.001), but when performed as a staged procedure, hospital mortality was lower (odds ratio 0.35, p < 0.001), as well as reduced long-term mortality, and need for repeat PCI with staged, multi-vessel PCI after MI 34 . The findings support the current view of the ACC/AHA guidelines indicating non-IRA intervention at the time of primary angioplasty for ST-segment elevation MI may be harmful, but also suggest that treatment of severe coronary artery disease without functional testing or assessment of recurrent angina symptoms with staged PCI of the non-IRA lesions may be beneficial. No heart failure related end-points were assessed in the study however.
The COMPLETE Trial (Complete vs Culprit-only Revascularization to Treat Multi-vessel Disease after Primary PCI for STEMI; NCT01740479) is designed to answer the question of complete versus IRA-only revascularization after PCI for ST-segment elevation MI 35 . The study will recruit 3900 subjects to determine whether opening all suitable narrowings or blockages (> 70% stenosis or > 50% stenosis with fractional flow reserve < 0.8) using a staged PCI approach with drug eluting stents of all suitable non-IRA lesions is superior to an IRA-only approach in reducing the composite outcome of death due to cardiovascular causes or RMI. The secondary end-point will be death due to cardiovascular causes, RMI, ischemia-driven revascularization, unstable angina, or heart failure over a 4-year follow-up period.
Completion of this study and others will help determine the efficacy of complete revascularization immediately after MI improves survival. However, the completed and proposed studies of complete revascularization after MI likely do not have an adequate follow-up period to determine if complete revascularization has any impact on heart failure. It would be most useful for a longer follow-up period to be considered in these trials to assess whether the frequency of heart failure is impacted by complete revascularization. Further insights may be gained if more precise heart failure classification is also determined, specifically treatment or admission to hospital for heart failure in subjects with both preserved and reduced systolic function, as both are likely heart failure specific end-points in subjects with prior MI. Findings from such a longitudinal study would potentially have significant impact in the management of patients with MI, and prevent progression to heart failure with either preserved or reduced systolic function over the longer term.
Progression of atherosclerosis after MI: potential target of preventative therapy? Complete revascularization of critical coronary disease may prevent RMI and CHF. However these studies do not address coronary disease that would not normally be treated, lesions with < 70% occlusive stenosis of the coronary artery. These non-critical lesions can progress, leading to plaque rupture and RMI. Multiple angiographic studies have documented progression of coronary atherosclerosis after an initial acute coronary syndrome [36] [37] [38] [39] . Importantly, both IRA and non-IRA lesions appear to progress over time. In a very insightful angiographic and intravascular ultrasound based study, the PROSPECT Investigators prospectively evaluated coronary artery disease lesions in 697 patients with acute coronary syndromes (ACS-Unstable angina, Non-ST segment elevation MI, and STsegment elevation MI). Subjects were followed for 3-4 years for recurrent coronary disease events including death from cardiac causes, cardiac arrest, myocardial infarction, or unstable angina 40 . Adverse coronary disease events occurred in 20.4% of patients. Remarkably, these subjects had a relatively equal number of culprit lesions in the prior IRA as in the non-IRA. In the non-IRA lesions that caused the coronary event later, the lesions were described as mild, with a mean stenosis of 32.3 ± 20.6% by conventional angiography on the initial study. However by intravascular ultrasound the same lesions that caused a new event had > 70% plaque burden, a small luminal area, and were characterized as thin-cap fibroatheromas. This study suggests that after an initial acute coronary syndrome event, significant progression of atherosclerosis occurs in 20% of subjects from angiographically mild appearing lesions, and is as likely to occur in the prior IRA as in non-IRA lesions that would not have been treated during the index catheterization.
In the context of prevention of heart failure and death from recurrent coronary disease events, identification of the small subset of patients who will have recurrent events from recurrent disease in the IRA or non-IRA vessels is critical. In a related study, the PROS-PECT investigators evaluated the utility of C-reactive protein (CRP) levels to predict which subjects had a recurrent coronary disease event 41 . Subjects with CRP levels that were elevated (3-10 mg/L) or very elevated (> 10 mg/L) 6 months after their index ACS event had greater rates of total and non-IRA coronary events after 3 years than the subjects with normal CRP levels (< 3 mg/L). Elevated CRP levels 6 months after ACS weakly predicted future coronary disease events with a hazard ratio of 1.02. While CRP is a widely utilized measure of inflammation, its use is not widely accepted. Often the results, if elevated, are attributed to non-specific sources such as a wound infection rather than as an index of inflammation that may be tied to coronary artery disease. However, this study highlights the importance of ongoing inflammation in the progression of coronary artery disease, and the principle of using a measure of inflammation to potentially identify subjects at risk for RMI. More specific markers of inflammation that are mechanistically linked to progression of atherosclerosis may be useful in identifying patients at high risk for RMI and CHF.
Emerging biomarkers to identify patients at high risk for CHF and death after MI Prediction of CHF and death after MI can be based on standard clinical parameters including using the TIMI risk score 42 or the GRACE score 43 . However, substantial additional information can be obtained through the use of biomarkers. The value of troponin I, CRP, and brain-derived natriuretic peptide (BNP), in post-ACS risk stratification are well documented 44 . More recently, characterized biomarkers that are predictive of heart failure and death post-MI include growth differentiation factor-15 (GDF-15). GDF-15 is a member of the transforming growth factor-β cytokine superfamily, is induced and secreted from cardiac myocytes during ischemia and stress, and has anti-apoptotic actions 45 . The value of GDF-15 in prediction of death or CHF was tested in a prospective study of 1142 subjects with both non-ST segment elevation and ST-segment elevation MI with a follow-up period of 505 days 46 . GDF-15 levels were roughly equivalent to N-terminal BNP for prediction of death or CHF after 1 year. However, combining GDF-15 and N-terminal BNP improved the predictive power of either marker alone yielding an AUC C-statistic of 0.81 46 . The value of GDF-15 levels in subjects with ACS was further independently tested by the TIMI group using the PROVE IT-TIMI 22 cohort 47 . They found that GDF-15 levels predicted risk of death, MI, and CHF independent of cardiovascular risk factors, BNP, or CRP levels. Interestingly there was also no significant interaction between GDF-15 levels and intensive statin therapy for risk of death or MI, suggesting statins have minimal effects on GDF-15 levels 47 .
Another recently characterized biomarker of death and CHF after MI is C-terminal provasopressin (copeptin), the C-terminal portion of provasopressin. Arginine vasopressin (antidiuretic hormone) is released from the neurohypophysis to promote water resorption. Copeptin is secreted in equimolar quantities with arginine vasopressin, but is stable in the blood stream, while arginine vasopressin is unstable and rapidly cleared 48 . In the Leicester Acute Myocardial Infarction Peptide (LAMP) Study, the predictive value of copeptin levels to predict death and heart failure in 980 subjects with non-ST and ST-segment elevation MI, and followed for events for 342 days. Copeptin levels were roughly equivalent to N-terminal BNP levels, and prediction of death and CHF were improved when copeptin and N-terminal BNP were combined in the model 48 . The value of copeptin to predict death, RMI, stroke, or resuscitated cardiac arrest was independently tested in the OPTIMAAL cohort in subjects with MI and either clinical CHF or reduced LV systolic function (EF < 35%) 49 . In contrast to the LAMP Study, copeptin was a stronger predictor of mortality compared with either BNP or N-terminal BNP. Collectively, the findings from these two studies highlight additional biomarkers that may be used additively with BNP to identify subjects at risk for death, and for CHF after MI.
A mechanism for acceleration of atherosclerosis after MI The biological mechanisms underlying RMI remained unclear until recently. A recent study in mice demonstrated that experimental MI or stroke results in enlargement of atherosclerotic lesions with more advanced morphology over weeks after total occlusion of the left coronary artery 50 . Mechanistically, myocardial infarction in mice causes stress and pain, resulting in a surge in release of norepinephrine. Nerves within the bone marrow regulate the release catecholamines 51 , which in turn reduce the levels of SDF-1 (CXCL12). Hematopoietic stem (HSC) and progenitor cells (HSPCs) are then released from the bone marrow. In the setting of myocardial infarction HSC and HSPC release dramatically increases rising 2-fold after 6 hours to over 20-fold higher than baseline 3 days into a myocardial infarction 50 . Coinciding with the release of HSCs and HSPCs, monocytes, macrophages, and neutrophils expand within atherosclerotic lesions in the aorta, and are replenished from the blood stream and spleen for up to 3 months after MI in mice. HSPC mobilization requires adrenergic signaling at least initially as HSC and HSPC mobilization was reduced in half by a β 3 adrenergic receptor inhibitor, indicating an immediate effect of the sympathetic nervous system on HSPC mobilization. Similar findings were noted in a small animal model of chronic stress, resulting in mobilization of HSCs and HSPCs and progression of atherosclerosis 52 . The findings highlight an important new paradigm to verify in human subjects to begin to understand if activation of the HSC/HSPC/Monocyte axis underlies the mechanism of RMI and acceleration of atherosclerosis.
Key differences underlie animal models of MI and humans that seek treatment for MI. In animal models, the left coronary artery, supplying the largest part of the heart, is tied off resulting in necrosis of the anterior wall of the heart. In contrast, human subjects who seek medical attention for MI undergo coronary angiography and revascularization within 90 minutes of admission to hospital. The size and duration of stimulus to mobilize HSPCs in human subjects may be substantially lower than that observed in mice with a completed infarct. However, it is also possible that patients who present late with ST-segment elevation MI may have the most substantial release of HSCs and HSPCs after MI. Human subjects are frequently treated with β 1 /β 2 -adrenergic inhibitors after MI, but those with heart failure may be treated with catecholamines (norepinephrine, epinephrine, dopamine, or dobutamine) for blood pressure support if there is heart failure or cardiogenic shock. This may result in more extensive HSC and HSPC mobilization in subjects with CHF after MI, making them at higher risk for RMI. This is only a speculation at this point but will be the subject of further studies.
Despite these important differences between human subjects and animal models of MI, evidence of acceleration of atherosclerosis is still observed after MI in patients. A recent clinical observational study evaluated 449 patients 1 year after STEMI treated by primary angioplasty and β-blockers. One year after MI, 45 patients developed > 70% stenosis in non-IRA vessels 53 . Most remarkably, the patients that developed critical stenosis in non-IRA arteries had significantly higher levels of epinephrine, norepinephrine and CRP levels 1 year after their index MI 53 . In a similar prospective observational study, 449 subjects in China with chronic stable angina, non-ST segment elevation and ST-segment elevation MI underwent follow-up coronary angiography 1 year later 54 . One hundred Thirtyfour of 449 patients, or 29.8% had some evidence of non-IRA progression of atherosclerosis of varying severity. Over the follow-up period, 52.9% of subjects with ST-segment elevation MI developed progression of atherosclerosis in the non-IRA while 19.6% of subjects with chronic stable angina and non-ST segment elevation MI had evidence of progression of atherosclerosis. Blood was collected 7 days after intervention for retrospective correlation after follow-up angiography. Remarkably, subjects who developed progression of atherosclerosis in the non-IRA had significantly higher levels of monocytes in their blood stream 7 days after their initial procedure. Collectively, the findings of these two studies provide a preliminary indication that the milleu of ST-segment elevation MI 1) elevates catecholamine levels, and 2) monocyte levels that correspond to progression of atherosclerosis 1 year later. While the paradigm of increased adrenergic tone associated with MI mobilizing HSC/HSPCs, monocyte expansion in the spleen and bone marrow, and acceleration of atherosclerosis remains to be validated in human subjects, these studies support this concept.
Further evidence to support this paradigm came from imaging studies using positron emission tomography. Activated inflammatory cells express high levels of glucose transporters and 18 F-deoxyglucose is avidly absorbed, facilitating imaging of inflammation 55 . Several recently published studies [56] [57] [58] have made use of this technique to show that ST-segment elevation MI but not chronic stable angina results in a dramatic increase in bone marrow, splenic and vascular inflammatory activity. The findings are supportive of the paradigm of HSC, HSPC and monocyte inflammatory activation by the post-MI milleu. However, it remains unclear if 18 F-deoxyglucose imaging of inflammation can be used to identify subjects at high risk of RMI, or predict the development of CHF post-MI.
The paradigm of HSC and HSPC mobilization, monocyte expansion, and acceleration of atherosclerosis in ST-segment elevation MI remains to be verified in human subjects. While HSC and HSPC mobilization and monocyte expansion clearly occurs in animal models of completed, unrevascularized MI, the extent of HSC and HSPC mobilization in human subjects that undergo revascularization and treatment with medical therapy is unclear and requires validation. However, the paradigm and the mediators of HSC and HSPC mobilization and differentiation to monocytes, leading to acceleration of atherosclerosis represents a potential focus to identify patients at risk for RMI, and potentially reduce CHF and death from MI. Therapies directed at HSC and HSPC mobilization and monocyte differentiation may also be a promising approach to reduce acceleration of atherosclerosis after MI, but may also be challenging to administer as these same cell types are also involved in repair of MI.
Conclusions
• MI often leads to CHF, as longitudinal studies show that 40% of subjects with prior MI develop CHF 6 years later.
• RMI occurs in ~10% of subjects after an index STsegment elevation MI and carries a high mortality rate of 40%. RMI raises the likelihood of developing CHF.
• Complete revascularization of coronary artery disease at the time of ST-segment elevation MI is an emerging approach to prevent RMI.
• Atherosclerosis progresses in 20% of patients after an initial acute coronary syndrome in non-IRA lesions, suggesting improved approaches to identify patients at high risk for progression of coronary disease may prevent RMI and CHF.
• In small animal model experiments, non-revascularized MI results in mobilization of hematopoietic stem and progenitor cells, and expansion of monocytes in the spleen, that contributes to acceleration of atherosclerosis.
• Preliminary studies in human subjects with prior MI also have progression of non-IRA lesions, and subjects who show most substantial lesion progression have elevated levels of catecholamines and higher blood monocyte levels.
• Hematopoietic stem, progenitor cell mobilization, and monocyte expansion in humans with MI have not been studied, but may represent biomarkers for RMI, and potential therapeutic targets to prevent RMI and acceleration of atherosclerosis in non-IRAs.
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stable CAD and either diabetes or metabolic syndrome. See for details. clinicaltrials.gov Identification of HSC and HSPC mobilization after myocardial infarction could identify a high-risk subgroup, but it is less clear that these cells are the primary actors in acceleration of atherosclerosis. Perhaps they are simply markers of larger infarctions or more severe underlying atherosclerosis. As the article mentions, they may be involved in the healing process, and one would want to be cautious before embarking on an intervention that might potentially interfere with cardiac repair.
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need an appropriate reference for fact check.
To my knowledge based on recent statistics of CHF, CAD and MI have a higher association but by prevalence, HTN is a bigger contributor.
There are couple of places where the author states " I will briefly summarize" (5th line, page 2, left column) and "Below I will discuss the emerging strategies……" (Last line of the paragraph under subheading Recurrent MI and heart failure". If possible, a reference to self will sound best avoided and a rephrasing to "is summarized" will have a better flow. Otherwise, it's a well elaborated article reflecting the need for attention in such perfectives post MI.
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